To determine the effect of trauma on arginase, an arginine-metabolizing enzyme, in cells of the immune system in humans.
Summary Background Data
Arginase, classically considered an enzyme exclusive to the liver, is now known to exist in cells of the immune system. Arginase expression is induced in these cells by cytokines interleukin (IL) 4, IL-10, and transforming growth factor beta, corresponding to a T-helper 2 cytokine profile. In contrast, nitric oxide synthase expression is induced by IL-1, tumor necrosis factor, and gamma interferon, a T-helper 1 cytokine profile. Trauma is associated with a decrease in the production of nitric oxide metabolites and a state of immunosuppression characterized by an increase in the production of IL-4, IL-10, and transforming growth factor beta. This study tests the hypothesis that trauma increases arginase activity and expression in cells of the immune system.
Methods
Seventeen severely traumatized patients were prospectively followed up in the intensive care unit for 7 days. Twenty volunteers served as controls. Peripheral mononuclear cells were isolated and assayed for arginase activity and expression, and plasma was collected for evaluation of levels of arginine, citrulline, ornithine, nitrogen oxides, and IL-10.
Results
Markedly increased mononuclear cell arginase activity was observed early after trauma and persisted throughout the intensive care unit stay. Increased arginase activity corresponded with increased arginase I expression. Increased arginase activity coincided with decreased plasma arginine concentration. Plasma arginine and citrulline levels were decreased throughout the study period. Ornithine levels decreased early after injury but recovered by postinjury day 3. Increased arginase activity correlated with the severity of trauma, early alterations in lactate level, and increased levels of circulating IL-10. Increased arginase activity was associated with an increase in length of stay. Plasma nitric oxide metabolites were decreased during this same period.
Conclusions
Markedly altered arginase expression and activity in cells of the human immune system after trauma have not been reported previously. Increased mononuclear cell arginase may partially explain the benefit of arginine supplementation for trauma patients. Arginase, rather than nitric oxide synthase, appears to be the dominant route for arginine metabolism in immune cells after trauma.
Recognition that multiple metabolic pathways for arginine are expressed in cells of the immune system is a central feature of our understanding of immune competence. Arginine is the sole substrate for the production of nitric oxide, an effector molecule against bacteria, parasites, and cancer cells.
1,2 Arginine is used as substrate by arginases, which also are expressed in cells of the immune system. 3 Arginase produces ornithine, the precursor for polyamines and proline, which are conducive to an environment of growth and repair. 4, 5 Studies using cultured macrophages show that arginase also can regulate the production of nitric oxide by competing with nitric oxide synthases for arginine availability. 6, 7 Cytokines govern the expression of both arginase and nitric oxide synthase (iNOS). For example, gamma-inter-feron induces the expression of iNOS but downregulates arginase expression in immune cells. 8 In contrast, interleukin (IL)-4, IL-10, and transforming growth factor beta (TGF-␤) increase arginase expression but downregulate iNOS expression. 8, 9 These cytokine profiles correspond to two diametrically opposed immune states governed at least in part by the predominance of T-helper 1 (TH-1) or Thelper 2 (TH-2) lymphocytes, respectively. TH-1 immune states, which induce iNOS expression, are associated with cellular immune competence and inflammation, whereas TH-2 immune states, which induce arginase expression, are associated with downregulated cellular immunity. Therefore, the metabolism of arginine by iNOS or arginase may depend on the patient's immune status.
Tissue injury resulting from trauma or surgery is associated with cellular immune dysfunction and a predominance of a TH-2 cytokine profile and may therefore increase arginase expression and activity in immune cells. Other evidence to support this hypothesis is as follows. 10 -12 A decreased plasma arginine level in trauma patients suggests increased arginine catabolism. Polyamine excretion increases in trauma victims and plasma ornithine levels are increased or unchanged. 13, 14 Ornithine and polyamines are downstream metabolites of arginase. Finally, in contrast to stress states such as sepsis, in which nitric oxide production is increased, circulating and excreted nitric oxide metabolites (nitrate and nitrite) are reduced in trauma victims. Collectively, these background data suggest that tissue injury may result in enhanced activity of arginase in the immune system.
To determine whether trauma increases immune cell arginase activity, we prospectively followed 17 trauma patients, measuring arginase expression and activity in peripheral mononuclear cells. We then compared these data with plasma arginine, ornithine, citrulline, IL-10, and nitric oxide metabolites. Outcome measures were also examined.
We report increased immune cell arginase expression and activity resulting from tissue trauma in humans. In addition, increased arginase activity coincides with depletion of arginine, citrulline, and nitric oxide metabolites from the plasma. Mononuclear cell arginase activity correlates with the severity of trauma, length of stay in the intensive care unit (ICU), and elevations in plasma IL-10. Arginase in the immune system may contribute to increased arginine catabolism and is a marker of physiologic insult after trauma.
METHODS

Population
Critically ill trauma patients (18 -75 years of age) with an Injury Severity Score (ISS) of 13 or more admitted to the trauma or surgical ICU at the University of Kentucky Hospital were enrolled. The Institutional Review Board of the University of Kentucky approved the research protocol, and informed consent to participate was obtained in all patients. Of the 22 patients initially enrolled, 3 were excluded because of the use of beta-blockers and nitric oxide donors (nitroglycerin, nitroprusside) during their ICU stay, and two were excluded because malignancy was found.
The study was conducted from January 15, 1999 to April 5, 1999. All trauma admissions were screened daily by Clinical Research Center personnel to determine their eligibility for study enrollment. Patient enrollment was attempted if they were admitted to the ICU after trauma, had family available to provide informed consent to participate, and met the above inclusion and exclusion criteria. Predicted death was not a criterion for exclusion.
Enteral nutritional support was provided to all patients according to the ICU protocol at the University of Kentucky. Specialized diets, such as those containing high concentrations of arginine or other "immune-enhancing nutrients," were not given. On average, enteral access is obtained in all trauma patients in the first 48 hours of arrival to the ICU, and caloric goal rates are met within 72 hours of arrival.
Controls consisted of volunteers among the nursing staff (15 women and 5 men, mean age 32 [range ). No one in the control group was taking beta-blockers or nitrates. Trauma and volunteer groups were comparable for age. More men were recruited in the trauma group than in the volunteers (14 vs. 5, P Ͻ .05). Using analysis of variance, we determined that the difference in gender distribution between the trauma and volunteer groups did not cause a significant bias in the results. No statistical differences were found in independent variables, arginase activity or nitrite plus nitrate, between the sexes in either group.
Injury Severity Scores were obtained by the trauma personnel involved in the trauma registry according to clinical data accrued from the chart. The nursing personnel in the emergency room and in the ICU calculate Glasgow Coma Scale and Champion Trauma Scores.
Materials
Reagents and media were obtained from Gibco, Life Technologies (Grand Island, NY) and Roche Molecular Biochemicals (Indianapolis, IN) as specified or from Sigma Chemical Co. (St. Louis, MO) if not otherwise specified.
Peripheral Blood Mononuclear Cell Isolation
Samples were collected as soon as possible after admission and verification of informed consent. On the day of injury, samples were collected an average of 8 hours after injury (range [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Daily blood samples were obtained through indwelling arterial or central venous catheters from trauma patients in the ICU (up to 7 days). Plasma was obtained by centrifugation at 400g, and the rest of the blood was suspended in Hanks balanced salt solution. Density gradient was created using Ficoll-Hypaque overlaid by blood/Hanks balanced salt solution in conical tubes centrifuged at 400g. After two washes, the peripheral blood leukocyte pellet was frozen at Ϫ70°C for later assay.
Arginase Activity Assay
Cells were prepared in lysis buffer (Triton X-100 0.5%, HEPES 50 mmol/L [pH 7.55, Gibco], NaCl 150 mmol/L, sodium orthovanadate 1 mmol/L, trypsin-chymotrysin inhibitor 100 g/mL, leupeptin 50 g/mL [Roche], aprotonin 50 g/mL [Roche], PMSF 2 mmol/L). Arginase activity was determined by conversion of arginine to ornithine by a modification of the assay described by Konarska and Tomaszewski. 15 Results are expressed as nanomoles ornithine/ min/mg. Protein assay was performed according to the technique described by Bradford 16 using reagents from BioRad Laboratories (Hercules, CA).
Arginase I Immunoblot Analyses
For analyses of arginase I expression, cell lysates were prepared as described for the arginase activity assay. Adult human liver extract was used as reference material for arginase I. Immunoblotting procedures were as described previously using 12.5% SDS-PAGE followed by transfer to nitrocellulose membranes. 17 Primary polyclonal chicken antibody to rat arginase I (1:50,000) and secondary peroxidase conjugated rabbit antichicken IgY (1:5,000, Jackson ImmunoResearch Laboratories, West Grove, PA) were used. Immunoblots were developed with the enhanced Chemiluminescence Plus kit (Amersham) according to the manufacturer's recommendations.
Plasma Amino Acid Measurement
Plasma amino acid analysis for arginine, citrulline, and ornithine was performed using a Beckman Amino Acid Analyzer and postcolumn ninhydrin detection.
Nitric Oxide Metabolite Measurement
Nitric oxide is converted rapidly in biologic systems to the stable metabolites nitrite and nitrate; in hemoglobincontaining solutions, nitrate predominates. Plasma samples were injected into a reaction chamber containing hot vanadium chloride, reducing nitrite and nitrate to nitric oxide, which was then detected by the Model 280 Nitric Oxide Analyzer (Sievers Instruments, Boulder, CO). Results are expressed as micromolar concentrations of total nitrite plus nitrate.
IL-10
Plasma was obtained daily from trauma patients and from controls and preserved at Ϫ70°C until assay. IL-10 was measured using a commercially available enzyme-linked immunosorbent assay (R&D Laboratories, Minneapolis, MN) and expressed as picograms/mL (pg/mL).
Statistical Analysis
Statistical analysis was performed using Macintosh Statview and Microsoft Excel. As is often the case with human physiologic data, arginase activity values were converted to Log 10 to normalize wide, unequal variances. 18 Differences between experimental and control groups were assessed by analysis of variance. Trends over time were not due to loss of patients (n) as ensured by the Kruskal-Wallace test. Age and sex differences were assessed by the Fisher plausible least significant difference test. Significance was set at P Ͻ .05. Data are presented as means Ϯ standard error.
RESULTS
Demographics
Seventeen critically ill trauma patients admitted to the ICU at the University of Kentucky Medical Center were studied. There were 14 men and 3 women with a mean age of 35 (range 21-66). Injuries were blunt in 14 (motor vehicle collisions), and 3 patients sustained penetrating wounds (gunshot wounds to the torso). Mean ISS was 27 (range 13-45). APACHE III mean score was 41 (range 13-83). There were no deaths. Because this was a running study, the number of patients remaining decreased with time. The smallest number of patients left in the study (day 7) was 5. The maximum number of patients studied in one given day (days 1, 2) was 14.
Mononuclear Cell Arginase Activity
An early increase in mononuclear cell arginase activity occurred in the first 12 hours after trauma compared with the control group (2.12 Ϯ 0.44 vs. 1.06 Ϯ 0.33, P Ͻ .0001). A significant increase in mean arginase activity was maintained in the trauma population throughout the 7 days of the study compared with the control group ( Fig. 1, P Ͻ .03) . Eight of the 17 patients maintained elevated leukocyte arginase activity throughout their participation in the study. We conclude that an early and persistent increase in arginase activity occurs in immune cells after trauma.
Mononuclear Cell Arginase I Expression
Arginase I expression in human cells was examined by immunoblot. Mononuclear cell lysates were randomly selected from four controls and four trauma patients on postin-
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Plasma Arginine, Citrulline, and Ornithine Levels
The plasma arginine concentration was significantly decreased on the day of injury compared with controls, and this decrease persisted through 7 days after the injury (P ϭ .01). The plasma concentration of citrulline, the synthetic precursor of arginine, was also decreased, and this decrease persisted through 7 days after the injury (P Ͻ .0001). Ornithine is an amino acid produced from arginine by arginase. Plasma ornithine levels temporarily decreased on the day of injury and days 1 and 2 after trauma compared with controls but reached normal values by day 3 (P Ͻ .03) (Fig. 3) . The correlation between leukocyte arginase activity and plasma arginine approached but did not reach statistical significance (P ϭ .07).
Plasma Nitric Oxide Metabolites
Plasma nitrite plus nitrate levels were measured and compared with arginase activity. Plasma nitrite plus nitrate levels were found to be low during the first 12 hours after trauma compared with controls (23.3 Ϯ 2.9 vs. 34.9 Ϯ 4.7, P Ͻ .02). Plasma nitrite plus nitrate levels decreased even further by day 2 and for the next 5 days (Fig. 4 ) P Ͻ .03). Low plasma nitrite plus nitrate values coincided with increased leukocyte arginase activity, but there was no correlation between them.
Mononuclear Cell Arginase Activity Elevations Correlated with Clinical Measures of Illness
Correlation between increased arginase activity and indicators of severity of trauma was determined by linear regression analysis against known trauma scales (i.e., ISS, Champion Trauma Score, Glasgow Coma Scale). A significant inverse correlation was observed between leukocyte arginase activity on the day of injury and the Champion Trauma Score (R ϭ 0.74, P Ͻ .01) and the Glasgow Coma Scale (R ϭ 0.63, P Ͻ .03) but not with the ISS. In addition, a direct correlation between arginase activity on the first day after injury and the ICU length of stay was observed (R ϭ 0.68, P Ͻ .01). These data show that mononuclear cell arginase activity increased proportionately to the severity of trauma. Arginase activity on day 1 directly correlated with the serum lactic acid level (R ϭ 0.73, P Ͻ .04).
Mononuclear Cell Arginase Activity Elevations Correlated with Elevated Plasma IL-10
A significant increase in serum IL-10 was observed in the first 24 hours of injury (53.0 Ϯ 15.7 pg/mL) compared with controls (6.1 Ϯ 0.3 pg/mL) (P ϭ .008). Circulating levels of IL-10 decreased by days 3 (18.6 Ϯ 3.5) and 5 (14.0 Ϯ 2.5) but remained significantly elevated at both time points compared with controls (P ϭ .003 and P ϭ .007, respectively). Arginase activity correlated directly with plasma IL-10 levels after trauma (R ϭ 0.54, P ϭ .0004). Increased arginase activity therefore occurs in this TH-2 predominant immune state characterized by increased IL-10 release.
DISCUSSION
Uncontrolled infection after tissue injury caused by trauma or surgery is an important cause of organ failure and death. 19 Much research effort has been focused on understanding why surgical patients and trauma victims are so susceptible to infection. There is now a consensus that the immune system is significantly affected in many ways by tissue trauma. A particularly important component of altered immunity after surgery or trauma is altered T-lymphocyte function. 20 Nutritional supplementation with arginine in surgical patients has been shown to improve T-lymphocyte function. Altered arginine metabolism after tissue injury therefore has significant clinical implications.
Arginine is an amino acid that has gained attention with the discovery that it serves as substrate for numerous processes in the immune system. For example, in humans, inflammation induces the expression of iNOS, an enzyme responsible for the production of large quantities of nitric oxide from arginine. 21 Nitric oxide generated by iNOS is an important effector molecule of the immune system. 2, 7, 22 Arginase, comprised of two isoenzymes called arginase I and II, metabolizes arginine to ornithine and urea. 3, 23 Arginase I, also known as liver arginase, catalyzes an essential step of the urea cycle. Arginase I, however, can also be induced in other cells outside the liver, including macrophages and lymphocytes, as can the second isoform, arginase II. 3, 8 In these extrahepatic cells, the arginases presumably play a role in the production of polyamines and proline, substances essential for cellular proliferation and tissue repair. In addition, through competition for arginine, the arginases can also modulate the production of nitric oxide. 6, 7 In this study, we showed that tissue trauma increases arginase I expression and dramatically increases arginase activity in mononuclear cells to 10 or more times the values observed in controls. Coincidentally, levels of plasma arginine and its precursor citrulline are depleted. Restoration of normal cellular arginase and plasma arginine and citrulline requires up to 7 days. In contrast, plasma nitrite plus nitrate levels are decreased after trauma. Decreased circulating arginine and nitric oxide metabolites and decreased urinary excretion of nitric oxide metabolites indicate that arginine depletion is not due to accelerated synthesis of nitric oxide.
Trauma is associated with a decrease in plasma arginine and its precursor, citrulline. 24, 25 This likely reflects a state of increased catabolism of arginine and a lack of compensation through endogenous production and intake. 26, 27 Because nitric oxide production is dependent on the availability of arginine, an increase in arginase activity during trauma, sufficient to decrease arginine availability, could serve to control production of nitric oxide, a molecule that is essential to inflammation in trauma. 28 However, a decrease in arginine levels caused by arginase may not reflect a state of physiologic control, but rather a pathologic situation. Trauma and surgical patients have been given supplemental dietary arginine in an effort to boost their immune function. 29, 30 Arginine-based diets appear to benefit patients by decreasing infection rates, antibiotic use, and length of stay. 31 However, the mechanism by which arginine repletion effects its benefits is unknown. Our data show that arginase activity in peripheral mononuclear cells is dramatically elevated, coinciding with arginine depletion. If increased arginase activity contributes to a state of acute "arginine malnutrition," then elevated arginase expression and activity are important early alterations in the immune response that affect immune competence. These findings lend support to the concept that arginine is a "conditionally essential" amino acid that must be supplemented during stress. 32, 33 A state of immune dysfunction exists after trauma as measured by decreased T-lymphocyte reactivity to mitogens and decreased production of cytokines gamma interferon and IL-2. 34 Trauma is also associated with an increase in the production of IL-4, IL-10, and TGF-␤. 35, 36 This has led several investigators to conclude that TH-2 lymphocytes predominate after trauma, creating an environment of immune regulation. Because these cytokines predominate after trauma, upregulated arginase activity may be the result of a predominance of TH-2 lymphocyte subpopulation activity. Correlation between elevated serum IL-10 levels and increased arginase activity supports this notion.
The clinical significance of alterations in a biochemical pathway such as arginine metabolism during disease can be evaluated by its correlation with disease severity and outcome. We have correlated the degree of increase in immune cell arginase activity with clinical measures of the severity of trauma. Arginase activity correlates with lactate levels, which are known to be independent predictors of prognosis. Finally, arginase activity correlates with the ICU length of stay, substantiating that alteration in this metabolic pathway is a marker for significant injury. These observations warrant further investigation of immune cell arginase activity and altered arginine metabolism in this and other disease processes. We have developed a satisfactory mouse model of altered arginine metabolism after trauma that will help us delineate the importance of arginase in the pathophysiology of disease. 36 In conclusion, we found a significant increase in arginase expression and activity in peripheral mononuclear cells in trauma victims coinciding with arginine and citrulline depletion, increased serum IL-10 levels, and decreased circulating nitric oxide metabolites. Increased arginase activity in cells of the immune system may be a mechanism by which arginine and nitric oxide metabolite levels decline after tissue injury. This reflects either the competition between two opposing enzymatic pathways that share a common substrate, or a dynamic in the expression of opposing enzyme systems. Increased arginase activity in peripheral mononuclear cells may have important clinical value as a marker of disease severity or predictor of outcome.
